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Abstract: A new approach for implementing an integrable photonic microwave filter based
on exploiting the asymmetry of a CMOS-compatible silicon Mach-Zehnder modulator is
demonstrated. The strong dependence of the modulator response with wavelength is
exploited for achieving positive and negative taps and, therefore, a fully reconfigurable filter,
without the complexity of previous approaches. Two filter responses with two and three taps
areexperimentally demonstrated, showingthe proof-of-principle forfrequenciesupto10GHz
and thus going one step further toward a full integration of the complete filter device in the
CMOS-compatible silicon photonics platform.
Index Terms: Integrated optics, microwave photonics, modulators, silicon photonics, fiber
optics and optical communications.
1. Introduction
The use of optical fiber in microwave applications offers an unmatched alternative in terms of time-
bandwidth product, loss per meter, flexibility, and electromagnetic immunity when compared to
conventional microwave implementations. In addition to the transmission of microwave signals,
photonic technology can implement processing functionalities such as filtering with tuning and
reshaping capabilities [1]–[4]. However, the competitiveness of these filters is constrained by the
cost, size, andpower consumption of microwave photonics solutions basedondiscrete components.
Photonic integrated circuits (PIC) directly address these issues and are a promising path to broaden
the applicability of microwave photonics [5].
Several photonic integrated devices for microwave applications have been recently reported,
such as coherent notch [6], [7] and pass-band [8] filters, phase tuning in incoherent filters [9],
beamforming [5], RF mixer [10], modulation enhancement in analog links [10], or an integrated
dispersive element [12]. Among the different technologies, silicon photonics is currently one of the
most promising CMOS-compatible platforms for enabling large scale photonic integration together
with electronics [13].
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modulator (MZM). The asymmetry, which is achieved by introducing a length difference between
the MZM arms, is used to obtain positive and negative taps at the 1550 nm wavelength band
(C-band) thanks to the associated strong wavelength dependence of the modulator response in
combination with the  -phase inversion after photo-detection. Bipolar filter taps allow the
implementation of a wide range of filter responses without the limitations of pure positive designs
while keeping the inherent stability of incoherent operation. Unlike previous proposals using a single
modulator [15], the proposed technique avoids the need of combined 1300 nm and 1550 nm optical
sources. Therefore, the new approach simplifies the filter architecture and allows its use with erbium-
doped fiber amplifiers (EDFAs) as well as integrated dispersive delay lines (such as [12]) which can
lead to the development of fully integrated photonic microwave filters.
2. Photonic Microwave Filter Architecture
Fig. 1 shows the block diagram of the proposed dispersion-based photonic microwave filter. This
filter architecture is well-known for optical processing of radio-frequency (RF) signals. The principle
of operation is based on modulating a multi-wavelength optical source with the input microwave
signal ðRFinÞ. The modulated signal is then propagated through a dispersive medium and photo-
detected to obtain the filtered microwave signal ðRFoutÞ. Hence, each optical source implements a
filter sample that is selectively delayed by employing the dispersive medium. The amplitude of each
sample can be changed by using different techniques, but the simplest way is controlling the output
power of the optical sources. In such a way, a finite impulse response (FIR) filter can be
implemented with transfer function expressed as
Hð!Þ¼
X N 1
n¼0
ane jn!T (1)
where the number of filter coefficients, N, is determined by the number of optical wavelengths; the
amplitude of each coefficient, an, is controlled with the optical power of each wavelength; and the
time delay, T, depends on the dispersion of the dispersive medium.
The main advantage of this filter architecture is a very stable response due to operation in the
incoherent regime. Furthermore, the filter transfer function can be reconfigured by dynamically
changing the relative power of the optical wavelengths, and it can be tuned by controlling the
dispersive medium [1]. However, positive and negative filter coefficients are needed to allow a full
versatility in the transfer function, thus enabling flat-pass bands or high out-of-band suppression
[14], [15]. The equivalent of positive and negative coefficients can be obtained by using opposite
slopes of the modulation transmission response [14]. In this way, positive and negative coefficients
for a FIR filter can be obtained while keeping the stability inherent to incoherent operation. This
technique has been employed with only one single LiNbO3 MZM, as shown in Fig. 1, by exploiting
the V  dependence with wavelength [15]. However, this dependence was very weak, and optical
sources with a very large separation (1300 and 1550 nm) were required. That makes the filter
implementation complex, introduces high loss at 1300 nm (more than 20 dB) since the modulator is
Fig. 1. Block diagram of the dispersion-based photonic microwave filter.
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integration with other subsystems such as on-a-chip dispersive delay lines [12].
In this work, we propose a new approach for achieving positive and negative coefficients
based on exploiting the asymmetry of a silicon MZM. The principle of operation is more clearly
depicted in Fig. 2. The MZM asymmetry introduces a strong dependence with wavelength in the
modulator transmission response. Therefore, if, for instance, two optical carriers modulated by a
microwave signal are placed at wavelengths that correspond with opposite slopes in the MZM
response, the microwave signals obtained after photodetection will have the same average power
but inverted phase (i.e.,  -shifted). Linearity must be ensured by placing the optical carriers at the
quadrature bias point of the modulator response, as shown in Fig. 2. The effect of drifts in the
optical carrier amplitude and wavelength is translated in a residual sidelobe level in the filter
response [16].
The modulator, depicted in Fig. 3(a), was fabricated with standard CMOS fabrication steps [17].
The asymmetry of the modulator is achieved by introducing a length difference of only 180  m
between the MZM arms. Active performance is based on a reverse biased PN junction located in
the middle of the optical waveguide and embedded in the shorter arm of the MZM. Multimode
interference (MMI) couplers are used for splitting and combining the light in the MZM, as shown in
Fig. 2. Concept of the   phase inversion experienced by two microwave modulating signals.
Fig. 3. (a) Schematic of the silicon Mach-Zehnder modulator for implementing the photonic microwave
filter. (b) Measured modulator transmission response for a fixed 4 V applied DC voltage.
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electrodes was used for maximizing the modulator bandwidth.
Fig. 3(b) shows the measured normalized transmission response of the MZM for a fixed 4 V
applied DC voltage. The V L  product was estimated to be around 2.25 V   cm. On the other hand,
the insertion loss of the MZM was around 12 dB though a large static extinction ratio close to 30 dB
was measured, as it can be seen in Fig. 3(b).
3. Experimental Results
The experimental setup is shown in Fig. 4. A set of optical continuous wave (CW) carriers are
modulated by the silicon MZM. The RF signal from a vector network analyzer (Agilent PNA-X) is
combined with the DC voltage using a bias-Tee and applied to the modulator through a broadband
GSG probe. The output of the electrode is terminated by a DC-block and a 50  load using another
GSG probe.
By choosing the wavelength of the optical carriers, it is possible to control the sign of the
corresponding filter coefficient. After modulation, the signals are amplified with an EDFA, filtered by
a tunable optical filter (OF), and launched to a dispersive medium (a reel of 10 km of single-mode
fiber). Then, the optical signal is photo-detected and injected into the vector network analyzer. The
dispersion in the reel of 10 km of single-mode fiber was first characterized as a function of
wavelength with an optical network analyzer for allowing the comparison of experimental results
with the theoretical transfer function described by eq. (1).
Fig. 5 shows the normalized filter response between 0-15 GHz when two optical carriers
( 1 ¼ 1550:75 nm and  2 ¼ 1552:30 nm) enter the modulator with the same output power at the
input of the photodiode. These wavelengths are placed at opposite slopes of the modulator
response, as shown in Fig. 3(b), resulting in filter coefficients ½a1 a2 ¼½   11  . A very good
agreement between theory and measurements can be seen in Fig. 5, demonstrating that two
coefficients of opposite sign have been obtained.
Fig. 6 shows the filter response when three optical carriers (1547.51, 1549.13, and 1550.75 nm)
are fed to the modulator. The filter response agrees again very well with the theoretical response
corresponding to the amplitude distribution ½a1 a2 a3 ¼½ 1   11   for frequencies up to 10 GHz. At
higher frequencies, the agreement is reduced due to an unbalance in the modulation efficiency
between optical carriers and the higher accuracy needed in time-delay among taps. Any distribution
Fig. 4. Experimental setup for a three-tap photonic microwave filter architecture.
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time matching [15].
4. Conclusion
In conclusion, a novel photonic microwave filter implementation based on an asymmetric silicon
MZM has been demonstrated. The asymmetry of the modulator structure has been exploited to
achieve positive and negative filter coefficients at the 1550 nm wavelength band. Furthermore, the
obtained results show the capability of the silicon photonics platform not only to open up the path to
full integration of photonic microwave filters in a chip scale but also to enable the implementation of
advanced functionalities.
Fig. 6. Experimental three-tap filter response with amplitude distribution [1  1 1]. The solid line
represents the experimental results and the dotted the theoretical estimation.
Fig. 5. Experimental two-tap filter response with amplitude distribution [1  1]. The solid line represents
the experimental results and the dotted the theoretical estimation.
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